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Since the 1980s, sequencing of the 16S rRNA gene has been used as an important tool for phylogenetic analysis and classification of bacteria. 5 The 16S rRNA gene contains regions well conserved in all organisms that are ideal for primer design, polymerase chain reaction (PCR) or sequencing, and sequence alignment. It is possible to design universal primers for most of the bacteria. It also contains species-specific variable regions that allow species identification. Therefore, sequence analysis of the 16S rRNA gene is becoming a powerful technology for identification of bacterial iso-From the Animal Health Laboratory, Laboratory Services Division, University of Guelph, Guelph, Ontario N1G 2W1, Canada (Cai, Archambault), and Department of Pathobiology (Prescott), University of Guelph, Guelph, Ontario N1G 2W1, Canada. lates in the human clinical diagnostic laboratory. 8, [14] [15] [16] This method has also been used to identify or analyze veterinary clinical isolates, including Mycobacterium strains recovered from cats, 1 spirochetes associating with a late-term abortion in a mare, 12 nonporcine isolates of Actinobacillus suis, 3 and a new biotype of Actinomyces hyovaginalis in pig tissues. 9 The size of a 16S rRNA gene is about 1,540 base pairs (bp) (Fig. 1) , and current sequencing technology can read over 500-700 bp per reaction. Thus, it requires about 6 reactions in each direction to generate an accurate sequence. To reduce cost and labor intensity, methods using partial-16S rRNA sequence analysis for bacterial identification have been demonstrated. Sequencing of 3 consecutive divergent regions, V7, V8, and V9 (hereafter defined as V7-8-9 sequencing) ( Fig. 1) , was shown to be a promising tool for the analysis of infectious agents in culture-negative clinical samples. 11 Another partial sequence region commonly used for bacterial identification is the 5Ј-end fragment of the 16S rRNA gene, which is about 500 bp and flanks the V1, V2, and V3 regions (hereafter defined as V1-2-3 sequencing) ( Fig. 1) . A commercial kit a is available for analysis of this sequence and was found to accurately and rapidly identify Mycobacterium spp., 6 clinical coryneform bacterium isolates, 10 and bacteria from positive blood cultures. 7 The study reported here evaluated 16S rRNA gene sequence analysis methods as tools for identification of 22 difficult to identify veterinary clinical bacterial isolates in a veterinary diagnostic laboratory.
The 22 bacteria used in this study were isolated from veterinary clinical samples (Table 1 ). All except 3 isolates were found as part of a mixed population of different bacterial species. These isolates were chosen because they could not be identified with certainty at either the genus or the species level. This was often because they were biochemically inert and nonreactive in the conventional phenotype-based identification procedures or in the commercially available manual analytical identification systems used in the laboratory. There were also other reasons in some cases, such as the lack of available specific biochemical tests, unusual biochemical reactivity for which tests were not available, or poor quality of veterinary databases in commercial identification systems.
Bacterial isolates were plated onto 5% sheep blood agar. DNA was extracted using a DNA extraction reagent b according to the instructions of the manufacturer. The 16S rRNA gene ( Fig. 1 ) was amplified using PCR and the universal 16S rDNA primers BSF8/20 and BSR1541/20. 13 The PCR was done in a 25-l reaction volume containing 1ϫ buffer II, c 2 mM MgCl 2 , c 0.1 mM of each deoxynucleoside triphosphate, c 0.75 unit of heat-activated polymerase, d 0.2 M of each primer, e and 2 l of each DNA extract. Reaction was carried out in a thermocycler. f The reaction started with an initial polymerase-activating temperature of 95 C for 12 minutes, followed by 35 cycles of denaturing at 95 C for 20 seconds, annealing at 55 C for 30 seconds, and elongating at 72 C for 40 seconds, with a final elongation step at 72 C for 7 minutes. The sequences of the PCR products were determined by cycle sequencing, using an automatic sequencer g with primers BSF8/20, BSF517/17, BSF1099/16, BSR1541/20, BSR1114/16, and BSR534/18. 13 The sequence strategy is displayed in Fig. 1 . The sequences obtained were assembled into a consensus sequence using DNA sequence analyzing software. h For sequence alignment analysis, approximately 1,503 bp of the sequence (5Ј-3Ј, without primer ends) representing the full 16S rRNA gene were compared with those available in the GenBank of the National Center for Biotechnology Information by BLAST search and multiple-alignment analysis using a commercial software. i To evaluate V1-2-3 and V7-8-9 sequencing, similar analysis was performed on the sequence of V1, 2, and 3 (from approximately 29 to 514 bp) between the primers BSF8/20 and BSR534/18 13 and on that of V7, 8, and 9 (from approximately 1,170 to 1,520 bp) between the primer sequence of 5ЈAAC TGG AGG AAG GTG GGG AT3Ј 11 (marked as V789F in Fig. 1 ) and BSR534/18. 13 Previously described criteria 2 were used for this study: identification to the species level was defined as Ն99% similarity of the 16S rRNA gene sequence to the sequence of its closest bacterial relative in the GenBank database, and identification at the genus level was defined as Ն97% similarity of the 16S rRNA gene sequence to the sequence of its closest bacterial relative in the GenBank database. If the 16S rRNA gene sequence had identical similarity to 2 or more sequences of different species listed in the GenBank, the isolate was considered as unidentifiable to the species level by 16S rRNA gene sequence analysis.
Using the 16S rRNA full-gene-sequencing analysis method, 95% (21/22) of the isolates were identified to the genus level and 86% (19/22) to the species level. The conventional or commercially available manual phenotypic identification methods presumptively identified 91% (20/22) of the isolates to the genus level and 1 isolate to the species level. However, only 55% In contrast, none of the isolates was given an ambiguous identification by the full-gene or V1-2-3 sequencing methods (Table 1) . Identification by 16S rDNA sequencing was particularly useful in 2 cases in which important bacterial pathogens were misidentified. An Actinobacillus sp. and Streptococcus suis were isolated in large numbers from the lung of a pig with pneumonia. Biochemical reactions and failure to satellite a staphylococcal feeder culture identified the Actinobacillus as A. lignieresii, which was reported; ribosomal DNA sequencing, however, identified the isolate as A. pleuropneumoniae, the agent of porcine pleuropneumoniae. An alpha-hemolytic Streptococcus was isolated from the brain of a calf in moderate numbers; on the basis of weak Voges-Proskauer reaction, it was identified as S. bovis, a nonpathogen. Ribosomal DNA sequencing identified the isolate as S. suis, a pathogen causing meningitis and polyserositis in swine and sometimes in other species. Two other identifications were also notable. An Arcanobacterium hippocoeliae, a gram-positive bacterium, isolated in pure culture but in low numbers from the urine of a horse, was misidentified as Acinetobacter sp., a gram-negative organism. In another case, a Campylobacter sp. was isolated from a dog fecal sample, from a household pet in which the owner's daughter had a history of long-standing diarrhea and had been diagnosed with campylobacteriosis. The laboratory identification was that it was neither C. jejuni nor C. coli, but the laboratory lacked the phenotyping reagents to identify Campylobacter further. The 16S rRNA gene sequence analysis identified the organism as C. upsaliensis, an identification confirmed phenotypically by the local public health microbiology laboratory. Campylobacter upsaliensis has been reported as the second most frequently isolated species recovered from patients with campylobacteriosis and has been isolated from dogs living in the households of patients. 4 In comparison with the 4 examples described above, where 16S rDNA sequencing had particular value, many of the other identifications by this approach were less immediately useful for the laboratory. This was partly because the other difficult to identify bacteria examined were present as part of a mixed bacterial population and in the judgment of the laboratory were probably less important to identify to species. For example, the laboratory was confident in identifying an Actinobacillus sp. from a pharyngeal swab in a horse as Actinobacillus sp., on the basis of conventional biochemical reaction testing, and comfortable about not being able to confidently identify it further because the circumstances did not warrant significant extra effort. 16S rDNA sequencing identified it as A. capsulatus. Similarly, an isolate in pure culture from the uterus of a horse was identified as Pseudomonas sp. on the basis of the fact that the laboratory was trying to exclude P. aeruginosa and was not interested in identifying it further. Nevertheless, it was clear that only about half the isolates selected were correctly identified by phenotypic methods. One particularly striking misidentification was of the 5 Acinetobacter lwoffi or Acinetobacter sp. isolates, only one of which was correctly identified to genus level. The remainder were identified as Neisseria sp. or gram-negative rod, the former on the basis of microscopic morphology and cytochrome oxidase positivity. Correct identification to the genus and species is sometimes particularly important for Acinetobacter because some species are important nosocomial infections.
This approach did not always give 100% identification. For example, an isolate identified phenotypically as a Flavobacterium sp. could not be identified to the genus level using the 16S rRNA gene-sequencing method because the similarity of its 16S rRNA gene sequence to the sequence of its closest bacterial relative in the GenBank database was less than 97%, but it was closely related to Massilia (Table 1) . Further studies are needed to determine whether this isolate belongs to an undescribed genus.
It requires 2 days to complete 16S rRNA gene-sequencing analysis. Working time includes 40 minutes for DNA extraction, 3 hours for PCR amplification, 24 hours for a sequence laboratory to finish the sequencing, and 1 hour for data analysis. The cost of a 16S RNA full-gene-sequencing analysis was Can $160, including the cost of 6 sequencing reactions at the price of Can $25 per reaction and the reagent cost of PCR and PCR product purification. A partial-16S rRNA gene sequencing, i.e., V1-2-3 or V7-8-9 sequencing, cost Can $60, including the cost of 2 sequencing reactions, PCR and PCR product purification. The conventional phenotypic identification cost from Can $10 to Can $30, including the cost of biochemical reagents and API strips, and was also usually available within 2 days. Because sequencing service is commercially available, a diagnostic laboratory with a PCR facility and access to software for sequence assembling and multiple-alignment analysis should be able to perform 16S rRNA gene sequence analysis.
This limited study has demonstrated that 16S rDNA sequencing has a valuable place in the laboratory for identification of difficult to identify, atypically reacting, or fastidious bacteria and obviates the need in some instances for sending isolates to reference laboratories for identification. On the basis of the above results, the best 16S rRNA gene-sequencing approach is full-gene sequencing because it gives the most precise species identification. Where cost is important, V1-2-3 sequencing (which cost Can $60) could be used for tentative identification. The ability of this sequencing to identify bacteria to the genus level is similar to that of the 16S rRNA full-gene sequencing, and this sequencing can identify 73% of the bacteria to the species level. We do not recommend the V7-8-9 sequencing method because it costs the same as V1-2-3 sequencing but provides more ambiguous identification.
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